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Overview and Preface 
This thesis is for a doctorate of the University of Toyama. 
Fischer-Tropsch synthesis (FTS) is a complicated heterogeneous catalysis 
process, whereby syngas can be converted to paraffins, olefins, or oxygenated 
hydrocarbons with different carbon numbers. The hydrocarbon distribution of the 
traditional FTS products is dominated by a chain growth mechanism named as 
Anderson-Schulz-Flory (ASF) law. Therefore, without any additives in feedstock, it is 
very hard to selectively obtain a part of desired hydrocarbons, like jet fuel product 
(C8-C16), against ASF law. For the extensively demanded gasoline, additional 
hydrocracking and isomerization steps are usually employed for the production of 
gasoline in industry. But these steps increase the operating cost and complexity of the 
processes. So it is more promising for the direct synthesis of gasoline components 
(rich in middle isoparaffin) from syngas without extra processes. 
As we known, metallic cobalt is an excellent catalyst for CO hydrogenation, 
yielding higher hydrocarbons in FTS. The high dispersion of cobalt metal is usually 
realized by the deposition of a cobalt salt on high surface area supports, such as silica 
and alumina, followed by calcination and reduction. The support with large surface 
area, however, usually contains small pore size, which results in poor intra-pellet 
diffusion efficiency of reactants and products. Hence, the ZrO2-SiO2 bimodal support 
which with large pores and small pores at the same time is designed. The large pores 
provide pathways for speedy molecular diffusion, and small pores provide a large 
active surface area to increase metal dispersion. 
Zeolite crystals with inherent micropores, high acidity, uniform micropore size 
and shape selectivity have been widely applied as heterogeneous catalysts or catalyst 
supports in the petrochemical and fine chemical industries. Considering that zeolite is 
powerful in cracking and isomerization of hydrocarbons owing to their unique shape 
selectivity and acidity, and that the intrinsic cracking rate of linear hydrocarbons 
increases with the carbon number enhanced gasoline production with improved 
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isoparaffin content can be obtained when a conventional FTS catalyst is combined 
with a zeolite. 
In Chapter 1, a new Co/ZrO2-SiO2 catalyst with specific bimodal structure was 
developed and applied for jet fuel direct synthesis from syngas in Fischer-Tropsch 
synthesis (FTS) with varied 1-olefins as additives. In a slurry-phase reaction process, 
1-olefins as additives were introduced into reaction system to enhance the selectivity 
of jet-fuel-like hydrocarbons (C8-C16), at the same time suppressing the formation of 
light hydrocarbons including CH4 and CO2. 
In Chapter 2, we designed the Fe base micro-capsule catalyst with unique size 
about 1-2 um. This novel iron loaded micro-capsule catalyst with interior Fe/Silica 
core and exterior H-ZSM-5 shell was synthesized by the steam-assisted crystallization 
(SAC) process via in-situ crystallization route on Fe/SBA-15 catalyst and applied for 
direct synthesis of middle isoparaffin from syngas in a fixed bed reactor. Comparing 
activity test results of the original Fe/SBA-15 catalyst achieved a low selectivity of 
isoparaffin as 8.2 %, while the performance for isoparaffin synthesis of the 
as-prepared micro-capsule catalyst achieved an excellent consequence with the 
selectivity up to 46.5 %. Furthermore, the physical mixture catalyst (Fe/SBA-15 and 
H-ZSM-5) gave lower isoparaffin selectivity result with 33.9 % than that of the 
micro-capsule catalyst. The spatial confinement effect of the micro-capsule catalyst 
played a crucial role for the high selectivity synthesis of isoparaffin. 
In Chapter 3, mesoporous zeolite Y was introduced as FTS support for direct 
synthesis of middle isoparaffin. A two-step method consisting of acid leaching and 
base leaching was developed and applied to create hierarchical pores on a general 
microporous Y zeolite. The hierarchical zeolite Y supported Co as catalysts were 
employed to catalyze the hydrogenation of carbon monoxide to form hydrocarbons 
through Fischer-Tropsch synthesis (FTS) reaction. The CO conversion and C5-11 
selectivity on Co/Y-ABx catalysts increased significantly compared with those on the 
pristine Y supported Co catalyst. The isoparaffin selectivity of Co/Y-AB4 catalyst 
reached up to 52.3 %. 
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Abstract 
In this paper, a new Co/ZrO2-SiO2 catalyst with specific bimodal structure was 
developed and applied for jet fuel direct synthesis from syngas in Fischer-Tropsch 
synthesis (FTS) with varied 1-olefins as additives. In a slurry-phase reaction process, 
1-olefins as additives were introduced into reaction system to enhance the selectivity 
of jet-fuel-like hydrocarbons (C8-C16), at the same time suppressing the formation of 
light hydrocarbons including CH4 and CO2. The new FTS reactions, due to the co-fed 
1-olefins, showed anti-Anderson-Schulz-Flory (anti-ASF) law product distribution. 
Among all the co-fed mixed 1-olefins, 1-decene and 1-tetradecene mixed with the 
volume ratio of 1:1, exhibited the highest selectivity of jet-fuel-like hydrocarbons. 
This new Co/ZrO2-SiO2 bimodal catalyst had specific bimodal structure, which 
realized its excellent catalytic performances in the FTS reaction, because the large 
pores provided efficient pathways for reactants and products diffusion, and high metal 
dispersion was obtained by the newly formed small pores with enhanced active 
surface area. 
 
 
 
Keywords: Jet fuel, Fischer-Tropsch synthesis, anti-Anderson-Schulz-Flory law, 
bimodal catalyst. 
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1.1 Introduction 
Fischer-Tropsch synthesis (FTS) is a very important reaction, which can convert 
coal, natural gas, shale gas, or biomass [1-3], with syngas (CO and H2) as intermediate, 
into clean liquid fuels. The advantages of FTS-derived fuels over traditional 
petroleum-derived products are that they are free of sulfur, nitrogen, aromatic and heavy 
metals, which make FTS products the ideal candidate to substitute the conventional 
petroleum-based gasoline, diesel, as well as jet fuel [4, 5]. 
Currently, jet fuel is mainly produced by crude oil distillation [4]. Since the limited 
fossil fuel resources and the emission of greenhouse gas CO2, it is necessary to develop 
more available technologies to concert the vast amount of biomass, the renewable 
energy resource, into jet fuel. The biomass-to-liquid (BTL) process, consisting of 
biomass gasification and FTS reaction, is considerably promising to realize the 
commercial production of biomass-based jet fuel [4, 6]. 
Fischer-Tropsch synthesis (FTS) is a complicated heterogeneous catalysis process, 
whereby syngas can be converted to paraffins, olefins, or oxygenated hydrocarbons with 
different carbon numbers. The hydrocarbon distribution of the traditional FTS products 
is dominated by a chain growth mechanism named as Anderson-Schulz-Flory (ASF) 
law [7-9]. Therefore, without any additives in feedstock, it is very hard to selectively 
obtain a part of desired hydrocarbons, like jet fuel product (C8-C16), against ASF law.  
In the inchoate FTS research, real product distributions often showed deviations 
from traditional ASF curves. It was widely considered that the emergence of secondary 
reactions, such as re-insertion, hydrogenolysis and isomerization, was the most 
reasonable explanation for these deviations from ASF pattern [10]. Significant research 
was conducted to investigate the effect of adding olefins into syngas on the performance 
of the FTS reaction [11]. It was found that olefins initiated chains or became a part of 
the growing chains. In previous works, some researchers demonstrated that the added 
1-olefins into FTS reaction achieved anti-ASF distribution to a larger extent [2, 10]. 
Studies on co-fed olefins in FTS demonstrated that, after the addition of 1-olefin, the 
reactivity in chain growth presented a striking increase in terms of heavy hydrocarbons 
yield. Hydrogenolysis reaction might shorten long hydrocarbons by successive 
demethylation, while olefinic hydrocarbons could be converted to the corresponding 
paraffins by secondary hydrogenation [12, 13]. Therefore, adding 1-olefins in FTS 
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reaction can be utilized to optimize the original hydrocarbons distribution towards 
jet-fuel-like composition. 
In this paper, a new Co/ZrO2-SiO2 catalyst with specific bimodal structure was 
prepared and used for jet fuel direct synthesis from syngas in Fischer-Tropsch synthesis 
(FTS) with varied 1-olefins as additives. This Co/ZrO2-SiO2 bimodal catalyst has 
excellent advantages in the FTS reaction because of its specific bimodal structure. As 
we known, metallic cobalt is an excellent catalyst for CO hydrogenation, yielding 
higher hydrocarbons in FTS [14, 15]. The high dispersion of cobalt metal is usually 
realized by the deposition of a cobalt salt on high surface area supports, such as silica 
and alumina, followed by calcination and reduction. The support with large surface area, 
however, usually contains small pore size, which results in poor intra-pellet diffusion 
efficiency of reactants and products [16-19]. Hence, the ZrO2-SiO2 bimodal support 
which with large pores and small pores at the same time is designed. The large pores 
provide pathways for speedy molecular diffusion, and small pores provide a large active 
surface area to increase metal dispersion [18, 19]. The catalytic performance of this 
Co/ZrO2-SiO2 bimodal catalyst for jet-fuel-like hydrocarbons synthesis was investigated 
by slurry phase FTS reaction with pure 1-olefin or mixed 1-olefins as additives. 
 
1.2. Experimental 
1.2.1 Catalyst preparation 
A schematic flow chart of the bimodal Co/ZrO2-SiO2 catalyst preparation by 
incipient wetness impregnation method is illustrated in Fig. 1.1. ZrO2-SiO2 bimodal 
support was prepared by impregnating an isopropanol sol of ZrO2 (NIPPAN Ltd., 16 wt.% 
ZrO2, average particle size 1.7-2.4 nm) into silica support (Fuji Silysia Chemical Ltd., 
Cariact Q-50, specific surface area 72.0 m
2
/g, pore volume 1.25 cm
3
/g, average 
diameter of pore 49.9 nm, pellet size 75-250 μm). The support precursors were first 
dried at 393K in air for 12 h and then calcined in air at 673 K for another 2 h to get the 
ZrO2-SiO2 bimodal support, respectively. After that, the 10 wt.% Co/ZrO2-SiO2 
bimodal catalyst was prepared by incipient wetness impregnation method with an 
aqueous solution of Co(NO3)2·6H2O and the as-prepared ZrO2-SiO2 bimodal support. 
Two kinds of unimodal Co/SiO2 catalysts, named Co/Q-50 and Co/Q-6, with 10 wt.% 
metal loading were prepared by the same method with cobalt nitrate aqueous solution 
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and silica supports (Q-50, Q-6). The catalyst precursors were dried at 393 K for 12 h 
and then calcined in air at 673 K for 2 h. The obtained samples were then reduced in a 
flowing hydrogen at 673 K for 10 h, followed by passivation by 1% oxygen in nitrogen 
at room temperature for 8 h.    
 
1.2.2 Catalyst characterization 
1.2.2.1 Temperature-programmed reduction (TPR) 
H2 temperature-programmed reduction (H2-TPR) experiments were performed for 
analyzing the metal-support interaction, as well as the reduction properties of the 
catalysts by using a BELCAT-B-TT analyzer (BEL, Japan). Prior to measurement, the 
sample was dried and purified at 200 
o
C for 1 h with a flowing Ar (30 mL/min). After 
cooling down to 50 
o
C, the reduction gas of H2/Ar (10%, 30 mL/min) was introduced 
into the reactor, at the same time the reactor was heated linearly to 900 
o
C. The effused 
gas was analyzed online by a thermal conductivity detector (TCD).  
1.2.2.2 X-ray diffraction (XRD) 
The crystalline phases of catalysts were measured by using a Rigaku RINT2000 
instrument with a Cu-Kα radiation (λ= 0.154 nm) operated at 40 kV and 20 mA. The 
specific area, pore size distribution, average pore size and total pore volume of catalysts 
were determined by N2 adsorption-desorption isotherms (Quantachrome Nova 2200e 
apparatus).    
1.2.2.3 TG-DTA analysis 
Thermal gravimetric analysis (TGA) was conducted using a Shimadzu 
TGA/DTG-60 apparatus. The spent catalyst was temperature-programmed heated in air 
from room temperature to 700
 o
C, at a heating rate of 10 
o
C/min. 
 
1.2.3 Catalytic activity measurements 
The schematic diagram of slurry FTS apparatus was shown in Fig. 1.2. The 
mixture of 1.0 g passivated catalyst and 20 mL hexadecane as reaction solvent was first 
ground into uniform slurry and poured into the reactor. And then the reaction system 
was purged three times with syngas to remove the trapped air, followed by heating the 
reactor system to 513 K with a ramping rate of 3.5 K/min. The stirring speed of the 
paddle in reactor was 1200 rpm, by which to eliminate the diffusion control regime. The 
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catalyst was then in situ activated in the slurry reactor (inner volume of 85 mL) at 513 K 
for 1 h by feeding 0.1 MPa syngas (H2 : CO : Ar = 63.05 : 33.8 : 3.07). 
Jet fuel synthesis on this Co/ZrO2-SiO2 bimodal catalyst via FTS reaction was 
conducted at 513 K and 1.0 MPa for 6 h. The reaction space velocity (W/F) was 10 
g-cat·h/mol. In this report, varied 1-olefins, as given in Table 1.3, were selected as the 
additive of feedstock to direct synthesize jet fuel from syngas via FTS reaction. The 
1-olefins were fed into reactor by an automatic injecting pump with 20 mol% in CO 
base (molecular mole base). Effluent gas released from the reactor was analyzed by 
online gas chromatographs (GC). CO and CO2 were analyzed by a thermal conductivity 
detector (TCD) GC with active charcoal column, and C1-C8 hydrocarbons were 
analyzed by a flame ionization detector (FID) GC with Porapak-Q column. The liquid 
products collected from ice trap and reactor were analyzed by an off-line FID GC 
equipped with a capillary column. 
 
1.3 Results and discussion 
1.3.1 Catalysts characterization 
The physical properties of pure SiO2 (Q-50), bimodal support ZrO2-SiO2 and 
bimodal catalyst Co/ZrO2-SiO2 were shown in Table 1.1 as well as the unimodal pore 
structured Co/SiO2 catalysts. The textural parameters of those samples were clearly 
different. The catalyst prepared from Q-50 support had the lowest BET surface area and 
the largest pore size, which were opposite to the Q-6 supported catalyst. The BET 
surface area increased significantly from 72 m
2
/g of SiO2 to 241 m
2
/g of ZrO2-SiO2 due 
to the newly formed bimodal pores structure. And then it decreased to 201 m
2
/g for the 
Co/ZrO2-SiO2 bimodal catalyst since the metal loading and the repeated calcination, as 
compared in Table 1.1. The increased BET surface area and the decreased pore volume 
from SiO2 to ZrO2-SiO2 suggested that the zirconia particles in sol indeed entered the 
original large pores of SiO2 and deposited on its inner surface to fabricate the bimodal 
pores. For the bimodal pore distribution, as given in Fig. 1.3, both of the ZrO2-SiO2 
bimodal support and Co/ZrO2-SiO2 bimodal catalyst distinctly exhibited two kinds of 
pores distributed at 4.5 nm, 48.7 nm and 4.6 nm, 48.1 nm respectively.  
In order to investigate the reduction behavior of Co supported on the bimodal 
ZrO2-SiO2 support, H2-TPR was performed on the Co/ ZrO2-SiO2 bimodal catalyst, and 
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the analysis results were shown in Fig. 1.4. There were two peaks at 327 
o
C and 391
 o
C
 
respectively. For the lower peak at 327 
o
C, it could be attributed to the reduction of 
Co3O4 to CoO, and the higher peak at 391 
o
C meant the reduction from CoO to metallic 
Co [3]. This H2-TPR analysis result also indicated that the employed reduction 
temperature of 400 
o
C during the preparation of Co/ZrO2-SiO2 bimodal catalyst was 
rational. 
XRD analysis was performed to identify the crystalline phases of catalysts. The 
XRD analysis results of the ZrO2-SiO2 bimodal support, the calcined Co/ZrO2-SiO2 
catalyst and the reduced Co/ZrO2-SiO2 catalyst were given in Fig. 1.5. The XRD pattern 
of the calcined catalyst exhibited the obvious characteristic diffraction peaks of Co3O4 
at 19.0
o
, 30.8
o
, 36.5
o
,
 
44.6
o
, 59.1
o 
and 65.0
o
, while the reduced catalyst exhibited the 
characteristic diffraction peaks of metallic Co at 44.5
o 
and 75.8
o
. This result suggested 
that almost all the Co3O4 phases in the calcined bimodal catalyst could be reduced into 
metallic Co during the reduction process. 
 
1.3.2 Catalytic performance of the bimodal Co/ZrO2-SiO2 catalyst for jet fuel 
synthesis 
The FTS reaction results without co-fed 1-olefins as additive on bimodal and 
unimodal catalysts were summarized in Table 1.2. As compared with those unimodal 
catalysts, the catalyst supported by zirconia silica bimodal support had the best 
performance in the FTS reaction because of its specific bimodal structure. The large 
pores provide pathways for speedy molecular diffusion to get high C5+ selectivity and 
low CH4 selectivity, and small pores provide a large active surface area to increase the 
catalytic activity.  
Normal paraffins and few 1-olefins are the main products of FTS reaction on the 
traditional cobalt-based catalyst if without any additive. And the intermediates of 
general FTS reaction on cobalt-based catalysts are 1-olefins hydrocarbons [2, 10]. The 
secondary reactions of the FTS self-produced 1-olefins can proceed when these initial 
1-olefins desorb from an active site and interact with another catalytic site by 
re-adsorption before leaving catalyst. The possible secondary reactions of FTS 
self-produced 1-olefins are (1) hydrogenation to give n-paraffins, (2) isomerization, (3) 
cracking and hydrogenolysis, (4) insertion into growing chains, mostly effective for 
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C2H4 and C3H6, and (5) re-adsorption and initiation of hydrocarbon chains [2, 10]. 
However, the most important secondary reactions are hydrogenation (pathway A), 
hydrogenolysis (pathway B), and re-insertion (pathway C) as shown in Fig. 1.6. 
Hydrogenation will change the ratio of olefin to paraffin in the final FTS products. 
Hydrogenolysis of 1-olefins will shorten the carbon chain but may lead to a high CH4 
selectivity. Re-insertion of one 1-olefin into the chain growth process, on the other hand, 
reverses the β-dehydrogenation process, therefore resulting in a deviation from a 
classical ASF distribution [2, 10]. 
In order to get the jet fuel products, different pure or mixed 1-olefins were selected 
as the co-fed additive of syngas for FTS reaction. Table 1.3 summarized the reaction 
results of different 1-olefins used as co-fed additive for the jet fuel synthesis on the 10 
wt.% Co/ZrO2-SiO2 bimodal catalyst via FTS reaction. Without co-fed 1-olefins as 
additive, Co/ZrO2-SiO2 bimodal catalyst exhibited CO conversion of 51.6%, higher CH4 
selectivity of 13.9% and lower selectivity of jet fuel composition (C8-C16) of 29.0%. At 
first, three kinds of pure 1-olefin, 1-octene, 1-decene and 1-tetradecene were co-fed as 
in Table 1.3, to test the catalytic performance of Co/ZrO2-SiO2 bimodal catalyst. In 
comparison with the FTS reaction without additive, the FTS reactions with three pure 
1-olefins as additives facilitated the formation of jet fuel hydrocarbons, and the C8-C16 
selectivity was increased obviously. At the same time, CH4 selectivity was suppressed 
clearly as well as the C2-C4 selectivity. Meanwhile, the C16+ selectivity was enhanced by 
the increasing carbon number of the additives. Moreover, the C16+ selectivity of the 
mixed additives was between those obtained with two pure 1-olefins separately. In 
addition, the ratio of Cole/Cpara was also decreased markedly. Among these three pure 
1-olefins, 1-decene was more effective to promote both the CO conversion and the 
formation of C8-C16. CO conversion reached up to 58.6%, and C8-C16 selectivity was 
78.8%, about 2.5 times higher than that of FTS reaction without additive. 
The mixed 1-olefins, 1-octene & 1-decene (1:1) and 1-decene & 1-tetradecene 
(1:1), were also introduced as co-fed additives to investigate the catalytic performance 
of Co/ZrO2-SiO2 bimodal catalyst in FTS reaction. The reaction results were also listed 
in Table 1.3. The mixed 1-olefins of 1-octene & 1-decene could not enhance CO 
conversion in FTS reaction, compared with single 1-octene or 1-decene. For the mixed 
1-olefins of 1-decene & 1-tetradecene, however, the C8-C16 selectivity reached up to 
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83.3%, the highest value among the tested samples. Furthermore, it also decreased the 
Cole/Cpara ratio in FTS products. 
The FTS hydrocarbons distributions on the 10 wt.% Co/ZrO2-SiO2 bimodal 
catalyst with different co-fed 1-olefins were shown in Fig. 1.7. The real hydrocarbons 
distributions obtained by using mixed 1-olefins as additive were also compared with 
those of the theoretic hydrocarbons distributions calculated by plusing half of the two 
pure 1-olefin products distribution. The comparison was listed in Fig. 1.7d and Fig. 1.7e. 
Obviously, with the addition of 1-olefins, the FTS products distributions (Fig. 1.7b and 
Fig. 1.7c) were against the traditional Anderson-Schulz-Flory (ASF) distribution as in 
the FTS reaction without additive (Fig. 1.7a). The selectivity of Cn+1 (n=the carbon 
number of the co-fed 1-olefins) reached up to the highest value among all the FTS 
products if using the pure co-fed 1-olefin. On the contrary, FTS reaction without 
additive exhibited the highest selectivity of C6, as shown in Fig. 1.7a, being consistent 
with the ASF law distribution. 
 
1.3.3 Analysis on the varied reaction performances and hydrocarbon distributions: 
with pure or mixed 1-olefins 
When 1-olefins were added into the slurry-phase FTS reactor, CH2 species on the 
catalyst surface were involved into the C-C chain propagation with the added olefins 
quickly. Thus surface CH2 concentration was lowered and the rate of hydrogenation of 
CH2, a competition reaction to C-C chain propagation, was decreased, leading to 
significantly lower CH4 selectivity, as compared in Table 1.3. 
It is interesting that CO2 selectivity was decreased if 1-olefins were added as in 
Table 1.3. It is considered that the added 1-olefins were accumulated and adsorbed onto 
the catalyst surface, making the catalyst surface more hydrophobic. This trend could 
push the formed water by FTS far away from the catalytic sites and stopped the water 
gas shift reaction (CO+H2O=CO2+H2), consequently suppressing CO2 selectivity. 
As in Table 1.3, when 1-olefins were added, Cole/Cpara ratio was decreased. The 
reason should be the increase of heavy hydrocarbon selectivity initiated by the added 
1-olefins. Because the added 1-olefins stimulated the C-C chain propagation, the ASF 
distribution curve was disobeyed and more heavy hydrocarbons including jet fuel 
fraction were formed. Generally olefins were the intermediate of FTS and they might 
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re-adsorb onto metallic sites to be hydrogenated to paraffins. Heavier olefins diffused 
more slowly inside catalyst pores and could be re-adsorbed onto metallic sites more 
readily, forming more paraffinic hydrocarbons, as what happened in the olefin-added 
cases. 
Concerning on the CO conversion changing trend, the balance between the 
promotional effect from equilibrium shift by CH2 consumption and catalyst surface 
coverage by the added heavy 1-olefins determined the CO conversion variance by olefin 
addition. 1-Octene or 1-decene addition enhanced the CO conversion, compared to the 
non-addition case. As the added 1-octene or 1-decene reacted with the surface CH2 to 
extend the C-C chain, surface CH2 concentration was lowered and more CO could be 
cleaved due to the equilibrium shift effect. Consequently more CO was accelerated to be 
converted to surface CH2 via adsorbed state. On the other hand, very heavy added 
1-olefins, such as 1-tetradecene or mixed olefins in Table 1.3 (especially mixture of 
1-decene and 1-tetradecene), decreased CO conversion, compared to the non-addition 
case. It is considered that these long-chain 1-olefins adsorbed onto the catalyst surface 
and covered a lot of catalytic sites, stopping the CO adsorption to some extent. 
In Fig. 1.7, anti-ASF hydrocarbon distributions realized by olefin addition were 
compared. As in Fig. 1.7(b), when pure 1-octene or pure 1-decene was added, the peak 
of the distribution curve appears at C9 or C11, respectively, indicating that the added Cn 
olefin combined with one CH2 group more easily, forming Cn+1 fraction very quickly. It 
should be noted that the added Cn olefin could initiate new C-C chain propagation, or be 
hydrogenated to form Cn paraffin. In more detail, the intrinsic Cn fraction formed by the 
conventional FTS without olefin addition also happened simultaneously during 
olefin-added process. It is not easy to calculate the real C8 fraction for 1-octene-added 
reaction as the added C8 olefin will form large peaks in gas chromatograph chat, where 
intrinsic C8 fraction is included. To solve this problem, we use the average value of Cn-1 
and Cn+1 peak to calculate Cn peak area in all Cn-olefin-added FTS reactions. Similarly 
in Fig. 1.7(c), when pure 1-tetradecene or pure 1-decene was added, the peak of the 
distribution curve appears at C15 or C11, respectively, indicating that the added Cn olefin 
combined with one CH2 group more easily, forming Cn+1 fraction very quickly. 
Generally pure olefin is expensive and olefin mixture is cheap, especially 
considering the fact that FTS can produce a lot of 1-olefin mixture. Here the addition 
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effect of olefin mixture is also compared in Fig. 1.7. Compared with olefin addition 
with only one type of 1-olefin, addition of mixture of half 1-octene and half 1-decene 
exhibits a peak at C9 for hydrocarbon distribution, rather than C11, as in Fig. 1.7(b). It is 
clear that 1-octene combined with CH2 group to extend C-C chain more quickly than 
1-decene under competition reaction conditions in the olefin mixture addition reaction. 
Generally, shorter 1-olefins combine with CH2 more quickly than longer 1-olefins. But 
as in Fig. 1.7(c), compared with olefin addition experiment with either pure 1-olefin, 
addition of mixture of half 1-decene and half 1-tetradecene exhibits a wide and flat peak 
zone at C11-C15 for hydrocarbon distribution. This distribution in Fig. 1.7(c) is different 
from the curve type in Fig. 1.7(b) for mixed olefins addition. It is considered that the 
C-C chain propagation ability for 1-decene and 1-tetradecene is similar, especially in 
slurry-phase reaction; an average effect appears for the addition of mixture of half 
1-decene and half 1-tetradecene and very sharp peak is not observed in hydrocarbon 
distribution curve. 
In more detail, real reaction and theoretic calculation of olefin mixture addition are 
compared for both two groups of olefin mixture, as in Fig. 1.7(d) and Fig. 1.7(e).  
Theoretic calculation here is (1-octene+1-decene)/2 or (1-decene+1-tetradecene)/2 
curve in Fig. 1.7(d) or Fig. 1.7(e), being calculated by mathematic accumulation using 
pure 1-octene or 1-decene addition results in Fig. 1.7(b) and pure 1-decene or 
1-tetradecene addition results in Fig. 1.7(c). In Fig. 1.7(d), real reaction hydrocarbon 
curve has the peak at C9 but the theoretic curve has the peak located at C11. Under real 
reaction conditions, added 1-octene and 1-decene had a competitive reaction to catch 
CH2 group to extend C-C chain, where 1-octene had quicker reaction rate. Consequently 
C8+C1 reaction dominated and C9 peak appeared. But in the case of theoretic calculation, 
this kind of competitive reaction to catch CH2 does not exist where C8+C1 and C10+C1 
happens independently. Compared to the real reaction case, contribution to the 
hydrocarbon formation, from C10+C1, is more and finally peak of theoretic calculation 
curve shifts to C11. In Fig. 1.7(e), the curve type and peak location are almost similar for 
the real reaction and theoretic calculation, indicating that the C-C chain propagation 
reaction rates of C14+C1 and C10+C1 are almost same, regardless of pure olefin addition 
or mixture olefin addition.  
The coke or wax deposition will occur in FTS reaction even under slurry-phase 
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reaction. In order to verify the amount of the formed coke or wax on the catalyst, we 
employed TG to characterize the used bimodal catalysts. The TG analysis was given in 
Fig. 1.8. Before TG analysis, the used catalysts were first dried at 120 
o
C for 12 h to 
remove the remaining hexadecane. And then the TG analysis on the used catalysts was 
performed under air atmosphere. From the figure, it was clear that the weight of the 
used catalyst with 1-olefins as additives in FTS reaction decreased more than the 
catalyst without 1-olefins additive. Moreover, the catalyst with 1-tetradecene as additive 
had more wax on its surface than the catalyst with the additive of 1-octene. It was 
demonstrated that long chain 1-olefin as additive could cause heavier hydrocarbon 
distribution in FTS reaction and more accumulated wax on catalyst surface. This result 
was consistent with the CO conversion results obtained respectively by two these 
different 1-olefins additives. On the other hand, although with few wax deposition on 
the catalyst, the weight loss of all the catalysts, less than 12% as characterized by TG, 
was in an acceptable range. 
 
1.4 Conclusions 
A Co-based FTS catalyst with ZrO2-SiO2 as bimodal support was prepared. The 
obtained 10 wt.% Co/ZrO2-SiO2 bimodal catalyst was successfully applied for jet fuel 
direct synthesis via FTS reaction with varied 1-olefins as additives. In comparison with 
the traditional FTS reaction without any additives, the introduction of co-fed 1-olefins 
in FTS reaction could effectively shift the products distribution towards jet fuel range, 
finally leading to the formation of new FTS hydrocarbons distribution against the 
conventional ASF law. Furthermore, the formation of CH4 and CO2 as well as light 
hydrocarbons (C2-C4) had also been suppressed markedly. In addition to the pure 
1-octene, 1-decene and 1-tetradecene as the co-fed additives of FTS reaction, other 
mixed 1-olefins, as 1-octene & 1-decene and 1-decene & 1-tetradecene, had also been 
investigated. The FTS reactions with mixed 1-olefins as additives showed average 
products distribution between those obtained with two pure 1-olefins separately for FTS, 
and the mixed 1-decene & 1-tetradecene as co-fed additives exhibited the highest C8-C16 
selectivity of 83.3%. It is considered that the 1-olefins diffusion efficiency in the solvent 
of hexadecane, as well as the 1-olefins’ concentration and C-C chain growth rate on the 
bimodal catalyst surface played crucial role for jet-fuel-like hydrocarbons (C8-C16) 
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direct synthesis via FTS reaction. 
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Table 1.1 Physical properties of supports and catalyst. 
Sample 
 Specific surface area 
(m
2
/g) 
Pore diameter 
(nm) 
Pore volume 
a
 
(cm
3
/g) 
Co or Co3O4 particle size 
b 
(nm) 
D1 (Co3O4) D2 (Co) 
SiO2(Q-50) support 72 49.9 1.25 - - 
ZrO2–SiO2 bimodal support 241 4.5, 48.7 0.64 - - 
10 wt.% Co/ZrO2-SiO2 201 4.6, 48.1 0.56 13.0 10.0 
10 wt.% Co/Q-50 70 49.9 1.23 13.4 10.1 
10 wt.% Co/Q-6 541 6.0 0.81 8.0 5.9 
a 
Pore volumes were calculated by BJH model.  
b 
Co3O4 particle size after calcination (D1) and Co particle size after reduction (D2) were estimated by Scherrer formula using full width 
at half maximum.  
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Table 1.2 Performance on 10 wt.% cobalt catalysts via FTS reaction
a
. 
 
 
 
 
 
 
a
 Reaction condition: Slurry phase, no addition, 513 K, 1.0 MPa, 6 h, W/FSyngas = 10 g-cat·h/mol. 
     
 
 
  
Sample 
CO conversion 
(%) 
Selectivity (%) 
CH4 CO2 C2-C4 C5+ 
10 wt.% Co/ZrO2-SiO2 51.6 13.9 5.8 15.3 62.7 
10 wt.% Co/Q-50 30.5 20.4 0.1 22.4 58.5 
10 wt.% Co/Q-6 60.3 38.0 19.2 25.1 36.9 
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Table 1.3 Varied 1-olefins as co-fed additive for the jet fuel synthesis on the 10 wt.% Co/ZrO2-SiO2 bimodal catalyst via FTS reaction 
a
. 
Additive 
CO 
conversion 
(%) 
Selectivity (%) Cole/Cpara
b
 
CH4 CO2 C2-C4 C8-C16 C16+ 
 
No addition 51.6 13.9 5.8 15.3 29.0 7.2 0.126 
1-octene 58.9 2.6 0.9 2.3 67.7 5.7 0.044 
1-decene 58.6 2.9 2.0 3.0 78.8 9.0 0.048 
1-tetradecene 40.7 2.7 0.7 1.8 78.2 15.8 0.032 
1-octene & 1-decene(1:1) 50.7 2.4 0.9 2.2 77.5 7.5 0.048 
1-decene & 1-tetradecene(1:1) 48.1 1.9 0.6 1.1 83.3 12.1 0.027 
a
 Reaction condition: Slurry phase, 10 wt.% Co/ZrO2-SiO2 bimodal catalyst, 513 K, 1.0 MPa, 6 h, W/FSyngas = 10 g-cat·h/mol. The added 
1-olefin is based on the 20 mol% in CO case. 
b
 Cole/Cpara is the ratio of olefins to paraffins with C 2+.
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Figure captions: 
Fig. 1.1. Schematic flow chart of the Co/ZrO2-SiO2 bimodal catalyst prepared by 
incipient wetness impregnation method. 
Fig. 1.2. Schematic flow diagram of slurry phase FTS apparatus. 
Fig. 1.3. Pore size distributions of (a) ZrO2-SiO2 bimodal support, (b) Co/ZrO2-SiO2 
bimodal catalyst. 
Fig. 1.4. H2-TPR profiles of as-prepared Co/ZrO2-SiO2 bimodal catalyst. 
Fig. 1.5. The XRD patterns of (a) ZrO2-SiO2 bimodal support, (b) Co/ZrO2-SiO2 
bimodal catalyst after calcination and (c) reduced Co/ZrO2-SiO2 bimodal catalyst. 
Fig. 1.6. The possible secondary reaction network of the FTS self-produced 1-olefins or 
co-fed 1-olefins in the olefin added FTS reaction. 
Fig. 1.7. The FTS hydrocarbons distribution on the Co/ZrO2-SiO2 bimodal catalyst with 
the co-fed 1-olefins of (a) No addition, (b) 1-octene, 1-decene and the mixed 1-octene & 
1-decene, (c) 1-decene, 1-tetradecene and the mixed of 1-decene & 1-tetradecene; The 
comparison of the real and theoretic products distribution obtained by using (d) mixed 
1-octene & 1-decene and (e) mixed of 1-decene & 1-tetradecene as additive.  
Reaction conditions: Slurry phase, 10 wt.% Co/ZrO2-SiO2 bimodal catalyst, 513 K, 1.0 
MPa, 6 h, W/Fsyngas = 10.0 g-cat·h/mol. The added 1-olefin is based on the 20 mol% in 
CO case. 
Fig. 1.8. Wax accumulation comparison determined by TG for varied used catalysts. 
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Fig. 1.1. Schematic flow chart of the Co/ZrO2-SiO2 bimodal catalyst preparation by 
incipient wetness impregnation method. 
 
 
 
 
 
 
 
Impregnate ZrO
2 
sol into silica support (20 wt.%) 
Dry at 393 K for 12 h and calcine at 673 K for 2 h 
Impregnate cobalt nitrate into bimodal support (10 wt.%) 
Dry at 393 K for 12 h and calcine at 673K for 2 h 
Reduce at 673 K for 10 h and passivate at 
room temperature for 8 h 
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Fig. 1.2. Schematic flow diagram of slurry phase FTS apparatus. 
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Fig. 1.3. Pore size distributions of (a) ZrO2-SiO2 bimodal support, (b) Co/ZrO2-SiO2 
bimodal catalyst. 
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Fig. 1.4. H2-TPR profiles of as-prepared Co/ZrO2-SiO2 bimodal catalyst. 
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Fig. 1.5. The XRD patterns of (a) ZrO2-SiO2 bimodal support, (b) Co/ZrO2-SiO2 
bimodal catalyst after calcination and (c) reduced Co/ZrO2-SiO2 bimodal catalyst. 
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Fig. 1.6. The possible secondary reaction network of the FTS self-produced 1-olefins or 
co-fed 1-olefins in the olefin added FTS reaction. 
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Fig. 1.7. The FTS hydrocarbons distribution on the Co/ZrO2-SiO2 bimodal catalyst with 
the co-fed 1-olefins of (a) No addition, (b) 1-octene, 1-decene and the mixed 1-octene & 
1-decene, (c) 1-decene, 1-tetradecene and the mixed of 1-decene & 1-tetradecene; The 
comparison of the real and theory products distribution obtained by using (d) mixed 
1-octene & 1-decene and (e) mixed 1-decene & 1-tetradecene as additive.  
Reaction conditions: Slurry phase, 10 wt.% Co/ZrO2-SiO2 bimodal catalyst, 513 K, 1.0 
MPa, 6 h, W/Fsyngas = 10.0 g-cat·h/mol. The added 1-olefin is based on the 20 mol% in 
CO case.                                                    
(d) 
(e) 
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Fig. 1.8. Wax accumulation comparison determined by TG for varied used catalysts. 
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Chapter 2 Tunable isoparaffin and olefin yields in 
Fischer–Tropsch synthesis achieved by a novel 
iron-based micro-capsule catalyst 
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Abstract 
A novel Fe loaded micro-capsule catalyst with interior Fe/Silica core and exterior 
H-ZSM-5 shell was synthesized by the steam-assisted crystallization (SAC) process via 
in-situ crystallization route on Fe/SBA-15 catalyst and applied for direct synthesis of 
middle isoparaffin from syngas in a fixed bed reactor. The size of micro-capsule catalyst 
was indicated by structure characterization of about 1-2 um. Comparing activity test 
results of the original Fe/SBA-15 catalyst achieved a low selectivity of isoparaffin as 
8.2 %, while the performance for isoparaffin synthesis of the as-prepared micro-capsule 
catalyst achieved an excellent consequence with the selectivity up to 46.5 %. 
Furthermore, the physical mixture catalyst (Fe/SBA-15 and H-ZSM-5) gave lower 
isoparaffin selectivity result with 33.9 % than that of the micro-capsule catalyst. The 
spatial confinement effect of the micro-capsule catalyst played a crucial role for the high 
selectivity synthesis of isoparaffin. 
 
Keywords: Fischer-Tropsch synthesis; Iron; Micro-capsule catalyst; Spatial confinement 
effect, Isoparaffin. 
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2.1 Introduction 
The shortage of crude oil and the rapid growing demand of liquid fuels have 
appealed more interest for synthesizing fungible fuels from the rich-reserved coal, 
natural gas, shale gas, or renewable biomass via Fischer-Tropsch synthesis (FTS) 
reaction [1]. Usually, FTS reaction mainly convert syngas to paraffins, olefins, 
oxygenated hydrocarbons, or some building-block chemicals such as lower olefin, 
which can hardly be directly used as gasoline [2, 3]. Generally, additional 
hydrocracking and isomerization steps are employed for the producing gasoline, 
especially isoparaffin in industry. However, these steps will average up the 
operating cost and complex the processes. So it is considerably promising for the direct 
gasoline components (rich in middle isoparaffin) synthesis from syngas without extra 
processes. 
Bifunctional catalysts with the combination of the traditional FTS catalyst and 
acidic zeolite, have been mentioned and used widely for direct synthesis of middle 
isoparaffin [4-9]. Up to now, three kinds of bifunctional catalysts are reported for direct 
synthesis of middle isoparaffin: physical mixture catalysts [10, 11], zeolite supported 
metal catalysts [12, 13], and capsule or coated catalysts with the conventional FTS 
catalyst core and zeolite shell [14-16]. The physical mixture catalysts usually have a 
relative low selectivity of middle isoparaffin due to the random hydrocracking and 
isomerization of long chain hydrocarbons in acidic sites of zeolite. Zeolite supported 
metal catalysts, as the active metal dispersed on acidic zeolite supports, exhibit a low 
conversion due to the strong metal support interaction (SMSI). Capsule or coated 
catalysts are more effective for isoparaffin synthesis because of the spatial confinement 
effect and unique pore structure of the zeolite shell, which can enforce effectively the 
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hydrocracking and isomerization of long chain hydrocarbons. Cobalt based capsule 
catalysts have been studied extensively for the direct synthesis of isoparaffin [17, 18]. 
Iron based catalysts have much lower cost and lower methane selectivity than cobalt 
based catalysts, which are ideal candidates for capsule catalysts [19, 20]. Currently, our 
group reported a fused iron based capsule catalyst for isoparaffin synthesis, which was 
synthesized without organic template, giving a great growth of isoparaffin/normal 
paraffin ratio compared to the core catalyst (fused iron) [21]. However, more works are 
still needed to further increase the catalytic activity and middle isoparaffin selectivity 
for iron based capsule catalyst, as well as enhancing the diffusion of products due to the 
fused iron without pore structure. In order to rise the catalytic activity and the products 
diffusion, iron based core catalyst which contains mesopore structure and large surface 
area is recommended. SBA-15 as an ordered mesoporous silica with large surface area, 
unique pore size and thermostability, is used widely as model support for FTS reaction 
[22-26]. Moreover, it has been proved that SBA-15 supported catalysts exhibited 
superior performance to compare with the conventional disordered silica catalysts in 
FTS reactions, giving the high activity and stability due to the confinement effect of 
ordered pore channels [27, 28].  
Zeolite which possesses highly thermal stability, ordered structure, high acidity 
and shape selectivity, has been used widely as heterogeneous catalysts in the 
conventional petroleum-related processes and fine chemical industries [29-31]. So far, 
the zeolite membrane coated core catalysts are usually prepared by the hydrothermal 
synthesis method [20, 32, 33] or physically adhesive method [14, 34]. Nevertheless, 
hydrothermal synthesis method produces generally a lot of waste water. Furthermore, it 
applies the limitations of the design and preparation of the various zeolite shell coated 
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core catalysts. The physically adhesive method is a facile process where the 
independent zeolite powders are directly pasted onto the core catalyst surface with 
adhesive. The prepared capsule catalysts by using the physically adhesive method can 
hardly exhibit a very high selectivity of gasoline. For the reasons above, the 
steam-assisted crystallization (SAC) process as a new method to prepare capsule 
catalysts is desired.  
In our previous studies, the conventional capsule catalyst had the size scale of 
1000-2000 um [16, 32, 35]. It is a significantly technological interest to reduce the size 
of capsule catalyst. Herein, we designed the Fe base micro-capsule catalyst with unique 
size about 1-2 um. The micro-capsule catalyst with Fe/Silica core and H-ZSM-5 zeolite 
shell via an in-situ crystallization route on Fe/SBA-15 catalyst by using the SAC 
process was first synthesized and applied in direct synthesis of isoparaffin from syngas 
via FTS reaction. The overall synthetic route is illustrated in Fig. 2.1. In the first step, 
iron precursor was impregnated over SBA-15 support (Fig. 2.1b). Subsequently, 
Fe/SBA-15 was dissolved partially in zeolite synthesis solution (Fig. 2.1c). After 
solvent evaporation, the obtained Fe/Silica dry gel (Fig. 2.1d) acted as the capsule 
catalyst of silicon source. Finally, Fe/Silica core catalyst was coated by H-ZSM-5 
zeolite through the SAC method (Fig. 2.1e, Fe/Silica/SZ). 
 
2.2 Experimental  
2.2.1 Catalyst preparation 
The mesoporous SBA-15 was synthesized according to the procedure described by 
Zhao et al [36]. Briefly, 4.0 g P123 (Pluronic P123, EO:PO:EO = 20:70:20, MW=5800, 
Aldrich) was dissolved in 30 g of deionized water, followed by the addition of 2 M HCl 
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solution at 35 
o
C with stirring. Then, 8.5 g of tetraethyl orthosilicate (TEOS, 95.0 %, 
Wako) was added to the former solution. The obtained mixture was stirred at 35 
o
C for 
20 h, subsequently kept in a closed Teflon vessel at 100 
o
C for 12 h. The solid product 
was filtered, washed with deionized water, dried at room temperature and calcained in 
air at 500 
o
C for 6 h with a heating rate of 1 
o
C/min. 
The Fe/SBA-15 catalyst was prepared by impregnation of the SBA-15 support 
with Fe(NO3)3•9H2O ethanol solution. The impregnated sample was first dried using 
rotary evaporator at 80 
o
C, and then further dried at 120 
o
C for 24 h. The dried sample 
was calcined at 450 
o
C under air for 4 h to obtain the Fe/SBA-15 catalyst. The final Fe 
content of the catalyst was 27 wt%. 
The micro-capsule catalyst with Fe/Silica core and H-ZSM-5 zeolite shell was 
prepared by using an in-situ crystallization route on Fe/SBA-15 catalyst via SAC 
process [37], and denoted as Fe/Silica/SZ. Firstly, Fe/SBA-15 (1 g) was added to 0.026 
g aluminium isopropoxide, 10.72 g distilled water and 3.26 g TEOS under vigorously 
stirring to get a clear solution until get a sol. And then, 3.03 g tetrapropylammonuim 
hydroxide (TPAOH, 10%) was added dropwise into the sol. Stirring was continued to 
form a solidified gel at 40 
o
C. The resultant wet gel was aged at 60 
o
C for 8 h and 
subsequently dried at 90 
o
C for 12 h. Then, the as-prepared gel was transferred into a 
Teflon-lined stainless steel autoclave and crystallized by SAC method at 160 
o
C for 18 
h. The obtained sample was washed, filtrated repeatedly for several times and the dried 
at 120 
o
C overnight. Finally, the dried sample was calcined at 500 
o
C in air for 5 h to 
obtain the micro-capsule catalyst. The conventional H-ZSM-5, as a physical mixture 
catalyst with Fe/SBA-15, was also synthesized by the same method but without Fe 
addition. For comparison, the physical mixture catalyst (denoted as Fe/SBA-15+SZ) 
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was also prepared by the mechanical mixture of the conventional H-ZSM-5 and 
Fe/SBA-15 catalyst.  
  
2.2.2 Catalyst characterization 
The nitrogen sorption experiments were performed at -196 
o
C on a 3Flex analyzer 
(Micromeritics Co.). The surface area of samples was determined by the 
Brunauer-Emmett-Teller (BET) method. The pore size distributions in the mesoporous 
region were obtained by Barrett-Joyner-Halenda (BJH) method, and that in the 
microporous region were determined by the Horváth-Kawazoe (HK) method. Micropore 
volume and surface area were evaluated by the t-plot method. 
Small-angle X-ray diffraction (SARD) patterns were carried out on a Bruker D8 
Advance powder diffraction system with CuKα radiation (40 kV, 40 mA). The 
wide-angle X-ray diffraction (XRD) patterns were characterized by a Rigaku 
D/max-2550 V diffractometer with CuKα radiation (40 kV, 40 mA) in the 2θ angle 
ranging from 5 to 80°.  
The surface morphology of samples was characterized with a scanning electron 
microscopy (SEM, JEOL, JSM-6360LV). 
Transmission electron microscopy (TEM) measurements were performed on JEOL 
JEM-2100 UHR at an acceleration voltage of 200 kV to analysis the morphology of 
samples. 
Ammonia temperature programmed desorption (NH3-TPD) experiments were 
conducted in a flow apparatus on a BELCAT-B-TT (BEL Co.) instrument. In a typical 
NH3-TPD experiment, 0.03 g catalyst was first loaded in a quartz reactor in flowing He 
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at 150 
o
C for 1 h and then the followed adsorption was performed by using the 5 % NH3 
in helium flow with a speed of 20 mL/min at 80 
o
C for 20 min. The desorption process 
proceeded first by treatment of saturated catalyst at 80 
o
C for 30 min and then the gas 
desorption step was implemented with the increased temperature from 80 
o
C to 800 
o
C 
at the rate of 5
 o
C/min in flowing He (20 mL/min) atmosphere. 
 
2.2.3 Catalytic activity measurements 
FTS reaction was carried out using a pressurized stainless steel fixed-bed reactor 
with H2/CO ratio of 1:1 and W/F of 10 gh/mol. Before reaction, the catalyst was loaded 
in the center of reactor and reduced in-situ at 400 
o
C in a flow of H2/CO (1:1, 80 ml/min) 
for 10 h, and then cooled down to 300 
o
C under N2 flow. During the reaction, gaseous 
products were online analyzed by two gas chromatographs (Shimadzu, GC-8A and 
Shimadzu, GC-14B). Liquid products from an ice trap were analyzed by an offline gas 
chromatograph (Shimadzu GC-2014, FID). 
 
2.3 Results and Discussion 
2.3.1 Structures of the micro-capsule catalyst 
2.3.1.1. XRD analysis 
The XRD patterns of the calcined SBA-15, Fe/SBA-15 and Fe/Silica/SZ are 
presented in Fig. 2.2. The SBA-15 sample exhibits three diffraction peak at 2θ = 0.9º, 
1.6º, and 1.8º (Fig. 2.2a), which indicates the well hexagonal pore structure of SBA-15 
[38]. However, Fe/Silica/SZ micro-capsule catalyst has no any peaks in the small-angle 
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X-ray diffraction, indicating that the SBA-15 structure was destroyed during catalyst 
preparation. After impregnation with iron, the diffraction peaks of Fe2O3 appear as 
shown in Fig. 2.2b. For the micro-capsule catalyst Fe/Silica/SZ, the appearance of XRD 
reflections at 2θ=23-25º is the characteristic feature of MFI zeolite, which confirms the 
existence of H-ZSM-5 zeolite in this capsule catalyst. 
2.3.1.2. Pore properties 
The pore structures of the SBA-15 support, Fe/SBA-15 and Fe/Silica/SZ catalysts 
are characterized by the N2 sorption analysis. The N2 adsorption-desorption isotherms 
and pore size distributions are showed in Fig. 2.3 while the calculated pore parameters 
are summarized in Table 2.1. SBA-15 presents a typical type IV isotherm with a H1 
hysteresis loop, indicating uniform tubular mesopores. After the loading of iron, the N2 
adsorption capacity decreased gradually. It means that the loaded iron blocked partial 
mesopores of the SBA-15. However, the Fe/Silica/SZ micro-capsule catalyst exhibits a 
significant uptake at the relative pressure (P/P0) of 0.4-0.9, indicating the existence of a 
broad mesoporous distribution. In addition, an adsorption at P/P0=0.95-1.0 is also 
observed for Fe/Silica/SZ, indicating the presence of macropores. The macropores may 
be contributed from the aggregated zeolite particles. 
As shown in Table 2.1, it can be seen that the SBA-15 support exhibits high 
surface area of 993 m
2
/g and large pore volume of 1.17 cm
3
/g. After impregnation with 
iron, the surface (560 m
2
/g) area and pore volume (0.59 cm
3
/g) are distinctly lower than 
those of SBA-15. Further coating with H-ZSM-5 zeolite on Fe/Silica (Fe/Silica/SZ) 
results in a remarkable increase of microporous surface area from 161 to 240 m
2
/g, 
suggesting an in-situ crystallization transformation of SBA-15 silicon source during 
SAC process. Moreover, Fe/Silica/SZ gives the average pore size with 3.6 nm, 
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indicating the formation of mesopores in the capsule catalyst structure. 
The pore size distributions (PSD) of SBA-15, Fe/SBA-15 and Fe/Silica/SZ 
samples are displayed in Fig. 2.4. As shown in Fig. 2.4a, the micropore PSD of 
Fe/Silica/SZ calculated by the HK method shows a peak centered at 0.59 nm, which is 
in accordance with the microporosity of the H-ZSM-5 zeolite. Both of SBA-15 and 
Fe/SBA-15 exhibit a broad microporosity PSD within the micropore range, which 
derives from the intrawall porosity of SBA-15. The mesopore PSD of samples is 
calculated by the BJH method. SBA-15 exhibits uniform mesopores and narrow PSD 
centered at 6.2 nm (Fig. 2.4b). After Fe doped into SBA-15 (Fe/SBA-15), it exhibits two 
mesopores at 3.8 and 6.2 nm due to the partial blockage of the pores by Fe clusters. For 
Fe/Silica/SZ catalyst, a similar pore size at 3.8 nm is also observed, indicating the 
formation of mesopores. 
2.3.1.3 Morphology and surface composition analysis 
The morphologies of samples are characterized by SEM, and the results are showed 
in Fig. 2.5. The SEM image of SBA-15 (Fig. 2.5a) shows very uniform rodlike 
morphology, which is in good agreement with the result obtained by the small-angle 
XRD analysis, confirming successful synthesis of high-quality SBA-15 silica. The 
micro-capsule catalyst Fe/Silica/SZ, with Fe/Silica as core and H-ZSM-5 as shell 
respectively, was prepared by an in-situ crystallization transformation of SBA-15 as 
silicon source during SAC process. As shown in Fig. 2.5b, Fe/Silica/SZ reveals the 
presence of aggregates of worm-like H-ZSM-5 crystals. The TEM image of 
Fe/Silica/SZ (Fig. 2.5c) shows that the mesoporous channels are disordered, indicating 
the destroyed SBA-15 structure during catalyst preparation. 
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2.3.2. NH3-TPD characterization 
The acidic property of the micro-capsule catalyst was measured by NH3-TPD. Fig. 
2.6 shows the NH3-TPD profiles of Fe/SBA-15 and Fe/Silica/SZ. There is no obvious 
NH3 desorption peak in Fe/SBA-15 sample, indicating that Fe/SBA-15 catalyst has no 
remarkable acidic sites. Two distinct NH3 desorption peaks appear in micro-capsule 
catalyst Fe/Silica/SZ. The desorption peaks above 400 
o
C can be assigned to the 
desorption of NH3 from strong B and L sites [39]. The desorption peaks below 400 
o
C 
can be attributed to NH3 from weak acidic sites (weak B and L sites) or physically 
adsorbed ammonia. The abundant acidic sites of the micro-capsule catalyst are mainly 
provided by the H-ZSM-5 shell, which are very important to yield middle isoparaffin.   
 
2.3.3. FTS reaction properties 
The FTS results and product distributions of Fe/SBA-15, micro-capsule catalyst 
Fe/Silica/SZ and a physical mixture catalyst Fe/SBA-15+SZ for isoparaffin synthesis 
were tested in a fixed bed reactor, as compared in Table 2.2 and Fig. 2.7. The CO 
conversion of Fe/Silica/SZ is 57.6 %, slightly lower than that of Fe/SBA-15 (68.5 %), 
which is mainly ascribed to the partial coverage of Fe active sites by the H-ZSM-5 shell 
[40]. According to Fig. 2.7 and Table 2.2, Fe/SBA-15 exhibits a broad product 
distribution up to C17, but the isoparaffin selectivity is only 8.2 %, with a high 
selectivity of olefin up to 49.2 %. For Fe/Silica/SZ micro-capsule catalyst, extremely 
high isoparaffin selectivity with 46.5 % is obtained. Meanwhile, the selectivity of olefin 
decreases significantly to 16.8 %. Surprisingly, according to the product distributions 
(Fig. 2.7), the light olefin (C2-4) selectivity decreases suddenly after doping acidic 
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zeolite into Fe/SBA-15 (Fe/Silica/SZ and Fe/SBA-15+SZ), which may be the 
transformation of a partial FTS products from light olefin to middle isoparaffin. For 
Fe/Silica/SZ, the hydrocracking and isomerization of the formed C12+ hydrocarbons by 
the acidic sites on H-ZSM-5 shell may contribute to improve high isoparaffin selectivity. 
It is noted that the increases of CH4 and CO2 selectivity are very small after the coating 
of H-ZSM-5 shell on Fe/Silica core catalyst. This might be due to the small size and 
thin shell of the micro-capsule catalyst. On the case of physical mixture catalyst 
(Fe/SBA-15+SZ), a broad product distribution and relative low isoparaffin selectivity 
(33.9 %) are achieved. It is clear that certain amount of C12+ fractions (Fig. 2.7) is still 
produced, up to C16 hydrocarbons, in the physical mixture catalyst, due to the lack of 
spatial confinement effect. 
According to the structure characterization and performance tests, the schematic 
diagram of middle isoparaffin synthesis over the micro-capsule catalyst is showed in Fig. 
2.8. Syngas first passes through the mesoporous channels of core to contact the active 
sites, where normal paraffin and olefin are formed. The formed light olefin and long 
chain paraffin subsequently convert to isoparaffin by the catalysis of the acidic sites of 
H-ZSM-5 shell. High selectivity of middle isoparaffin is realized with the help of spatial 
confinement effect of H-ZSM-5 shell. The mesoporous channels of micro-capsule 
catalyst core (Fe/Silica) can offer a high diffusion rate of reactants and products, while 
the H-ZSM-5 micropores shell with acidic sites affords to hydrocrack and isomerize 
heavy hydrocarbons, simultaneously tuning the products selectivity. 
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2.4 Conclusions 
A novel micro-capsule catalyst with interior Fe/Silica core and exterior H-ZSM-5 
shell was firstly designed and employed for direct synthesis of middle isoparaffin from 
syngas. The as-prepared micro-capsule catalyst Fe/Silica/SZ achieved an excellent 
performance with the isoparaffin selectivity of 46.5 %. The mesoporous channels of 
micro-capsule catalyst core (Fe/Silica) can offer a high diffusion rate of reactants and 
products, while the H-ZSM-5 micropores shell with acidic sites affords to hydrocrack 
and isomerize heavy hydrocarbons, simultaneously tuning the products selectivity. The 
spatial confinement effect of the H-ZSM-5 zeolite shell acted as a crucial role for the 
improvement of isoparaffin selectivity. The reported heterogeneous catalyst preparation 
method will be also widely applied in designing other similar micro-capsule catalyst for 
varied tandem catalysis processes. 
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Table 2.1. Summary of the textural properties of different samples. 
Sample 
S(m
2
/g)
a
  V(cm
3
/g) Average 
pore size Total Micropore
b
  Total
c
 Micropore
d
 
SBA-15 993 161  1.17 0.07 4.7 
Fe/SBA-15 560 127  0.59 0.06 4.2 
Fe/Silica/SZ 449 240  0.41 0.12 3.6 
a
 BET surface area.  
b
 Microporous surface area evaluated by the t-plot method. 
c
 Total pore volume calculated by single point method at P/P0 = 0.99. 
d
 Micropore volume evaluated by the t -plot method. 
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Table 2.2. Catalytic performance of various catalysts for FTS
a
. 
Catalysts 
Conv./%  Sel./% 
CO CO2 CH4 C=2-4 C5+ Cn C= Ciso C=/Cn
b
 Ciso/Cn
c
 
Fe/SBA-15 68.5 37.0 12.8 23.1 51.0 42.6 49.2 8.2 1.65 0.40 
Fe/Silica/SZ 57.6 37.3 15.3 5.8 62.7 36.7 16.8 46.5 0.79 3.71 
Fe/SBA-15+SZ 63.6 43.8 19.2 2.5 54.1 56.0 10.1 33.9 0.27 1.67 
a 
Reaction conditions: Catalyst weight, 0.5 g; T, 300 
o
C; P, 1.0 MPa; H2/CO, 1; W/F, 10 
gh/mol. 
b 
C=/Cn is the ratio of olefin to paraffin of C2+. 
c 
Ciso/Cn is the ratio of olefin to paraffin of C4+. 
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Figure caption 
Fig. 2.1. Synthesis schematic route of iron based micro-capsule catalyst. 
Fig. 2.2. XRD patterns of SBA-15, Fe/SBA-15 and Fe/Silica/SZ. 
Fig. 2.3. N2 sorption isotherms of SBA-15, Fe/SBA-15 and Fe/Silica/SZ. 
Fig. 2.4. Pore size distributions of samples: (a) micropore region (b) mesopore region. 
Fig. 2.5. SEM images of (a) SBA-15 and (b) Fe/Silica/SZ and TEM image of (c) 
Fe/Silica/SZ. 
Fig. 2.6. NH3-TPD profiles of SBA-15 and Fe/Silica/SZ samples. 
Fig. 2.7. FTS product distributions of catalysts: yellow, n-paraffin; gray (slash), olefin; 
cyan (perpendicular), isoparaffin. 
Fig. 2.8. Schematic diagram of middle isoparaffin synthesis over micro-capsule catalyst. 
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Fig. 2.1. Synthesis schematic route of iron based micro-capsule catalyst. 
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Fig. 2.2. XRD patterns of SBA-15, Fe/SBA-15 and Fe/Silica/SZ. 
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Fig. 2.3. N2 sorption isotherms of SBA-15, Fe/SBA-15 and Fe/Silica/SZ. 
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Fig. 2.4. Pore size distributions of samples: (a) micropore region (b) mesopore region. 
  
0.5 1.0 1.5 2.0
Fe/SBA-15
 
 
 
Pore diameter / nm
d
V
/D
lo
g
(D
) 
/ 
cm
3
g
-1
n
m
-1 0
.5
a
SBA-15
Fe/Silica/SZ
10 50
b
 
 
 
d
V
/D
lo
g
(D
) 
/ 
cm
3
g
-1
n
m
-1
Pore diameter / nm
0
.0
5
2
Fe/SBA-15
Fe/Silica/SZ
SBA-15
 57 
 
 
Fig. 2.5. SEM images of (a) SBA-15 and (b) Fe/Silica/SZ and TEM image of (c) 
Fe/Silica/SZ. 
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Fig. 2.6. NH3-TPD profiles of SBA-15 and Fe/Silica/SZ samples. 
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Fig. 2.7. FTS product distributions of catalysts: yellow, n-paraffin; gray (slash), olefin; 
cyan (perpendicular), isoparaffin. 
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Fig. 2.8. Schematic diagram of middle isoparaffin synthesis over micro-capsule catalyst. 
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Chapter 3 Hierarchical zeolite Y supported cobalt 
bifunctional catalyst for facilely tuning the product 
distribution of Fischer-Tropsch synthesis 
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 Abstract 
A two-step method consisting of acid leaching and base leaching was developed 
and applied to create hierarchical pores on a general microporous Y zeolite. 
Characterization with BET and TEM on the texture, morphology and structure of the 
prepared hierarchical Y zeolite confirmed the co-existence of mesopores with zeolitic 
walls. The analysis results showed that the mesopore surface area and pore volume of 
the hierarchical zeolite Y (Y-ABx, A: acid leaching, B: base leaching, "x" represents for 
base leaching time) increased with increasing the base leaching time. The hierarchical 
zeolite Y supported Co as catalysts were employed to catalyze the hydrogenation of 
carbon monoxide to form hydrocarbons through Fischer-Tropsch synthesis (FTS) 
reaction. The CO conversion and C5-11 selectivity on Co/Y-ABx catalysts increased 
significantly compared with those on the pristine Y supported Co catalyst. The 
isoparaffin selectivity of Co/Y-AB4 catalyst reached up to 52.3 % and middle 
hydrocarbons became the main FTS products due to the optimized hydrocracking and 
isomerization function afforded by the hierarchical zeolite Y with the strong Brønsted 
acid/Lewis acid (B/L) ratio and textural property. 
 
Keywords: Fischer-Tropsch synthesis, Isoparaffin, Hierarchical, Zeolite Y, Mesopore.  
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3.1 Introduction 
Zeolite, which has unique micropore structure, high thermal stability as well as 
high acidity, is widely applied as adsorbent, catalyst or catalyst supports in lots of fields, 
such as basic petrochemistry, oil refining and fine chemicals synthesis [1-3]. Generally, 
the zeolite’s pore size and cavities are less than 0.8 nm and 1.5 nm, respectively [4, 5]. 
Therefore, in catalytic reactions, the transport of reactants and products is limited by the 
narrow zeolite pores and channels [6-9]. 
In order to overcome this defect, a new concept of hierarchical zeolite with the 
combined mesopores and zeolitic microporous walls has been presented in recent years 
[10, 11]. The general treatments for the hierarchical zeolite production are steaming, 
acid leaching (dealumination), base leaching (desilication) or templating [7, 12]. Sasaki 
et al. reported that the dealumination resulted in the formation of mesoporous channels 
[13]. More recently, carbon templates were used to introduce mesopores into 
microporous zeolite too [14-20]. For application of mesoporous zeolite-based catalysts, 
Bao and co-workers demonstrated that Mo loaded on mesoporous ZSM-5 catalyst 
showed excellent catalytic performance for methane aromatization [21]. Li et al. proved 
that the mesoporous mordenite had better catalytic activity than untreated microporous 
mordenite in the alkylation of benzene with benzyl alcohol [22]. The desilicated ZSM-5 
zeolite supported metal catalyst for direct gasoline synthesis from syngas exhibited 
good activity [23-25]. Wang et al. reported direct isoparaffin synthesis with high 
selectivity through the mesoporous ZSM-5 supported noble metal catalyst in 
Fischer-Tropsch synthesis (FTS). However, the noble metal catalyst with small loading 
amount could not exhibit considerably higher reaction activity if compared with the low 
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cost iron and cobalt-based FTS catalysts [26].  
FTS reaction is a complicated heterogeneous catalysis process to produce ultra 
clean liquid fuel by CO hydrogenation, and it is also an important route to deal with the 
recent oil crisis and environment problems [27-31]. The general FTS products are linear 
paraffin with little α-oleﬁn, and their distribution strictly follows the 
Anderson-Schulz-Flory (ASF) law [23, 24, 32, 33]. As well known, FTS reaction rate 
and product distribution can be affected by the pore structure and acidity of catalyst 
support. Recently, with zeolite as FTS catalyst supports, some researchers have devoted 
to synthesizing hydrocarbons in a narrow distribution, especially in the range of 
gasoline [33-37]. Zeolite Y with the faujasite (FAU) structure is an excellent catalyst for 
cracking reaction. It has been extensively used in fluid catalytic cracking (FCC) process 
[38-40]. However, the microporous channels of zeolite Y leads to severe transport 
limitation for its catalytic reactions [7]. Therefore, the development of zeolite Y 
catalysts with mesoporous cavities is also necessary. 
In this paper, we designed a cobalt based hierarchical zeolite Y catalyst for shifting 
the selectivity of FTS products. The hierarchical zeolite Y, simultaneously containing 
micropores and mesopores, was facilely prepared using an acid leaching and a followed 
by base leaching procedures. The acid leaching process not only enhanced structure 
stability of zeolite Y, but also improved its catalytic activity. In addition, the followed 
base leaching could partly remove some silicon from zeolite framework, forming the 
desired mesoporous structure. For the cobalt loaded on hierarchical zeolite Y catalyst, 
the micropores of zeolite could provide large surface area, high cobalt dispersion as well 
as rich acid sites, while the mesoporous structure would facilitate the diffusion of 
reactants and products in FTS reaction. 
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3.2 Experimental 
3.2.1 Catalysts preparation 
The hierarchical zeolite Y was obtained by a sequential dealumination and 
desilication process with the assistance of acid leaching plus base leaching. The overall 
synthetic route is illustrated in Fig. 3.1. The pristine zeolite Y (Y-P zeolite, Si/Al = 3.05, 
TOSOH CO.) was first treated with 0.17 M citric acid solution at 80 
o
C for 4 h, 
subsequently washed with deionized water, dried at 120 
o
C overnight and calcined in air 
at 550 
o
C for 3 h. The obtained sample was denoted as Y-A. 
The dealuminized zeolite Y (Y-A) was further leached with 0.1 M NaOH aqueous 
solution for 0.25, 1, 4 and 6 h, respectively. The sample was filtered, washed with 
deionized water, dried at 120 
o
C overnight and calcined in air at 550 
o
C for 3 h. Finally, 
the obtained zeolite sample was exchanged in NH4·NO3 solution at 80 
o
C for certain 
time, and then calcined at 550 
o
C for 5 h to get H-type hierarchical zeolite Y. The 
hierarchical zeolite Y was denoted as Y-ABx (A: acid leaching, B: base leaching, x = 
0.25, 1, 4 and 6) where the "x" stands for the leaching time by NaOH solution. 
Another reference catalyst without acid leaching but with base leaching, had also 
been prepared. The base leaching time on the pristine zeolite Y was 1 h, followed by the 
same procedure to the above mentioned base leaching method. The final catalyst was 
named as Y-B. 
The FTS catalysts with cobalt loading amount of 10 wt% were prepared by an 
incipient wetness impregnation (IWI) method with the prepared zeolite Y-A, Y-B and 
hierarchical Y-ABx as catalyst supports. The cobalt came from an aqueous solution of 
cobalt nitrate. Finally, the wet catalyst was dried at 120 
o
C overnight and then calcined 
in air at 400 
o
C for 2 h. These catalysts were named Co/Y-A, Co/Y-B and Co/Y-ABx (x 
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= 0.25, 1, 4 or 6), respectively. The pristine zeolite Y supported cobalt catalyst, as a 
reference catalyst, was also prepared by IWI method and denoted as Co/Y-P. 
 
3.2.2 Catalyst characterization 
The crystalline structure of the zeolite samples was measured by X-ray diffraction 
(XRD) with a Rigaku RINT 2400 diffractometer employing Cu Kα radiation. All 
samples were scanned at 40 kV and 40 mA. The relative crystallinity (the percentage of 
crystalline material) of the zeolite was also determined by X-ray diffraction. The 
relative crystallinity was determined by comparing the diffraction intensities of the three 
major peaks at 2θ = 6.2, 15.6, and 23.6. The relative crystallinity was calculated using 
equation: Cryst (%) = α0 × I/I0, where Cryst (%) and α0 are the crystallinities of the 
unknown and pristine zeolite Y (defined 100%), respectively, and I and I0 are the 
heights of the characteristic peaks of the unknown and pristine zeolite Y, respectively. 
The Si/Al molar ratio of the zeolite samples was determined by an energy 
dispersive X-ray spectroscopy (EDX-700, Shimadzu).  
Transmission electron microscopy (TEM) measurements were performed on JEOL 
JEM-2100 UHR at an acceleration voltage of 200 kV to analyze the morphology of 
zeolite samples. 
The nitrogen adsorption and desorption measurements of the zeolite samples were 
performed on a Micromeritics 3Flex analyzer (Micromeritics Instrument CO.). The 
surface area of samples was determined by the Brunauer-Emmett-Teller (BET) method. 
The pore size distribution of micropore was determined by HK method. The pore size 
distribution of mesopores was obtained from desorption branch by the 
Barrett-Joyner-Halenda (BJH) method. The surface area and volume of micropores were 
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determined by the t-plot method. Mesoporous surface area was also evaluated by the 
t-plot method. 
Pyridine IR (Py-IR) spectra were conducted on FT-IR spectrometer. For the Py-IR 
experiment, the sample was placed into self-supported wafers in an in situ IR cell. 
Sample was first evacuated at 350 
o
C for 3 h under a vacuum of 10
−2 
Pa, and then 
cooled to room temperature, followed by adsorption of puriﬁed pyridine vapor for 30 
min. The excess pyridine was removed at 150 
o
C for 1 h under the vacuum, and the 
Py-IR spectra were collected after the temperature reduced to room temperature. The 
system was also evacuated at 350 
o
C, and IR spectra were recorded. The Brønsted 
acid/Lewis acid (B/L) ratio was calculated by previous report [41]. 
H2 temperature programmed reduction (H2-TPR) and NH3 temperature 
programmed desorption (NH3-TPD) experiments were performed in a flow apparatus on 
a BELCAT-B-TT (BEL CO.) instrument. In a typical H2-TPR experiment, 0.03 g of 
catalyst was pretreated at 150 
o
C in a quartz-made tube under a flowing He for 1 h, 
followed by cooling to 50 
o
C. Then, H2/Ar mixture (5 %H2, 20 mL/min) was introduced 
into the tube, and the temperature was linearly increased from 150 
o
C to 500 
o
C with a 
heating rate of 5 
o
C/min. The consumption of H2 was detected by gas chromatograph 
with a thermal conductivity detector (TCD).  
For the NH3-TPD analysis, the catalyst was first loaded in a quartz-made tube and 
then pretreated in the flowing He at 150 
o
C for 1 h. The adsorption process was 
performed by using 5 %NH3 in He with a flow rate of 20 mL/min at 80 
o
C for 20 min. 
The primary desorption process proceeded first on the NH3-saturated catalyst at 80 
o
C 
under flowing He for 1 h to remove some physically adsorbed NH3, and then the 
NH3-TPD was implemented by increasing the temperature from 100 
o
C to 500 
o
C at the 
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heating rate of 5 
o
C/min in He (20 mL/min).  
 
3.2.3 FTS reaction 
FTS reaction was carried out in a flowing fixed-bed reactor at 260 
o
C under reaction 
pressure of 1.0 MPa. In brief, 0.5 g catalyst was loaded in the middle of the stainless 
steel reactor and reduced in situ at 400 
o
C in a flow of pure H2 (80 mL/min) for 10 h 
prior to reaction. FTS reaction was implemented using syngas with the ratio of H2/CO = 
2 and the WCatalyst/FSyngas = 10 gh/mol. An ice trap with octane as solvent was fixed 
between reactor and back pressure regulator to capture the heavy hydrocarbons. The 
obtained heavy hydrocarbons were finally analyzed by an offline gas chromatograph 
(Shimadzu GC-2014, FID). The residual gaseous products effused from the ice trap 
were analyzed online by other two online gas chromatographs (Shimadzu GC-8A, TCD 
and Shimadzu GC-14B, FID). 
 
3.3 Results and discussion 
The XRD patterns of the zeolite samples are illustrated in Fig. 3.2. All of the 
samples exhibit similar peaks with the faujasite zeolite diffraction pattern. The 
crystallization intensity of the treated zeolite Y with acid (Y-A), base (Y-B) or the 
combination of acid and base (Y-ABx) is weaker than that of the pristine zeolite Y (Y-P). 
The relative crystallinity of all of the zeolite samples is also determined by XRD and 
listed in Table 3.1, where we can find that the crystallinity of samples after acid leaching, 
base leaching or the combined acid and base leaching decreases in comparison with that 
of the pristine zeolite Y-P. The lowest zeolite crystallinity is 48.3 % for Y-AB6 sample, 
indicating that the base leaching for 6 h possibly leads to the partial collapse of zeolite 
 69 
 
structure [4, 42, 43]. 
The nitrogen adsorption and desorption isotherms of the Y-P and hierarchical 
zeolite samples are shown in Fig. 3.3. The isotherm slopes of the hierarchical zeolite 
samples are larger than that of the pristine Y-P zeolite, indicating the formation of 
mesopores after leaching process. For Y-A sample obtained by single acid leaching, its 
hysteresis loop enlarges slightly compared with the pristine zeolite Y-P. It is interesting 
that the scope of the hysteresis loop enlarges obviously for the single base 
leaching-treated sample of Y-B. For the Y-ABx series samples prepared by the 
combination of acid leaching and base leaching, their hysteresis loop scopes enlarge 
gradually with increasing the base leaching time from 0.25 to 6 h, suggesting the pore 
sizes enlarge gradually by increasing the base leaching time. 
The pore size distribution of the Y-P, Y-A, Y-B and hierarchical zeolite Y-ABx are 
displayed in Fig. 3.4. The pristine zeolite Y has a bimodal pore distribution around 0.56 
and 0.71 nm in microporous region. For the sample of Y-A prepared by single acid 
leaching, the peak intensity of its micropore at 0.56 nm is lower than that of Y-P, while 
the intensity of the peak at 0.71 nm enhances significantly. For the single base leaching 
treated sample, the obtained Y-B shows slight increase both at 0.56 nm and 0.71 nm in 
comparison with the Y-P. By using the combination method that consists of the 
precedent acid leaching and the followed base leaching on the Y-P, the Y-ABx zeolite 
samples were prepared. These samples also exhibit a bimodal pore distribution, but the 
larger micropore at 0.71 nm shifts negatively to smaller pore size of 0.69 nm. Different 
from Y-P or Y-B, the peak intensity of 0.56 nm pore becomes larger than that of 0.69 nm 
pore. The pore distribution of different samples in mesoporous region is also given in 
Fig. 3.4. According to the analysis results, two pore sizes in mesoporous region are 
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found in all of the samples. For the pristine Y-P zeolite, two types of mesopores appear 
at 3.6 nm and 16.4 nm respectively. After single acid leaching, the Y-A sample shows 
higher intensity at the peak of 3.6 nm and larger pores around 25 nm compared with Y-P. 
However, the Y-B sample after single base leaching exhibits different pores at 3.6 nm 
and 12.0 nm, and the last pores are slightly smaller than the counterpart pores of Y-P. 
For hierarchical zeolite Y-ABx (x = 0.25, 1, 4 or 6), all of peaks both on size and 
intensity enlarge clearly compared with that of Y-P sample. The intensity of the peaks 
increases linearly with increasing the base leaching time. These results suggest that the 
hierarchical mesopores on zeolite Y can be generated effectively by using the 
combination of the acid leaching combined with base leaching. Moreover, changing 
base leaching time is an effective way to control the micro- and mesopores properties of 
zeolite, forming hierarchical zeolite structure. 
The BET surface area, pore volume, Si/Al ratio and relative crystallinity of the 
pristine zeolite Y-P, Y-A, Y-B and hierarchical zeolite Y-ABx (x = 0.25, 1, 4 or 6) are 
listed in Table 3.1. The mesopore surface area and mesopore volume of the Y-P catalyst 
are 61 m
2
/g and 0.10 m
3
/g respectively, indicating the existence of few mesopores 
possibly derived from the intergranular holes of zeolite. In comparison with pristine Y-P, 
the BET surface area and total pore volume of Y-A (acid leaching) and Y-B (base 
leaching) increase obviously. By employing base leaching on the Y-A sample for certain 
time (0.25, 1, 4 or 6 h), the mesopore surface area and mesopore volume of the obtained 
Y-ABx samples also increase, suggesting more mesopores were created within the Y-P 
zeolite by the sequential acid and base leaching process. Acid leaching for preparing 
Y-A leads to the selective dealumination of zeolite. Therefore the Si/Al ratio of Y-A 
increased to 4.92, which is higher than the Si/Al ratio of 3.04 of the Y-P zeolite as 
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indicated in Table 3.1. Reversely, after the base leaching that can result in the selective 
desilication of zeolite, the Si/Al ratio of Y-ABx series samples decreases gradually along 
with increasing the base leaching time. 
The acidic properties of the prepared samples are measured by NH3-TPD. The 
NH3-TPD profiles of the Y-P, Y-A, Y-B and Y-ABx are compared in Fig. 3.5. The 
pristine zeolite Y-P exhibits a broad NH3 desorption peak. The peak starts at a lower 
temperature about 180 
o
C, which is associated with the weak acid sites and terminal 
silanol groups [44]. The higher temperature peak around 420 
o
C is attributed to some 
strong Brønsted and Lewis acid sites. After single acid or base leaching on Y-P, the 
middle acid sites on both of the prepared Y-A and Y-B zeolite decrease obviously as 
compared with that of Y-P, but the higher acid sites at 420 
o
C still exist without obvious 
change. For Y-ABx series catalysts, increasing the base leaching time can clearly 
decrease the amount of acid sites including the middle acid sites and strong acid sites 
above 250 
o
C. With these Y-ABx zeolite as cobalt supports for FTS reaction, their 
unique acidic properties together with hierarchical structure should exert considerable 
effects on the catalytic activity and products distribution [45]. 
The type and concentration of Brønsted acid sites and Lewis acid sites in the 
catalyst were determined by Py-IR and illustrated in Fig. 3.6. The absorption peaks at 
about 1540 and 1450 cm
-1
 correspond to the Brønsted acid sites and Lewis acid sites, 
respectively, indicating the coexistence of Brønsted and Lewis acid sites on all the 
catalysts [46]. And the bands at 1490 cm
-1
 are assigned to pyridine adsorption on both 
Lewis and Brønsted acid sites [47]. According to the bands assignments, both Brønsted 
and Lewis acid sites decrease obviously after leaching. It is worth noting that strong 
Brønsted acid sites to Lewis acid sites (B/L=8.96, see Table 3.2) of base leaching zeolite 
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Y (Y-B) are stronger than that of other samples, indicating Brønsted acid sites on Y-B 
are present predominantly on the zeolite. In addition, the bands of ABx samples appear 
at 1440 cm
-1
, while the Lewis acid sites shift to 1450 cm
-1
 with the increase of 
desorption temperature. The result indicates that the total lewis acid sites increases after 
the combination of acid and base leaching [48].  
The acid strength distributions of the Y-P and treated zeolite Y with the pyridine 
adsorbed IR spectra at 150 and 350 
o
C are listed in Table 3.2. The Y-P sample exhibits 
the strong strength of Brønsted acid sites and Lewis acid sites. For the base leaching, 
especially the combination of acid and base leaching, the ratio of total B/L decreases 
significantly. But the strong B/L obtained from Py-IR at 350 
o
C enhances obviously for 
Y-A, Y-B and Y-AB4 samples. It is well known that zeolite Y as an efficient cracking 
catalyst is applied widely in the conversion of crude oil to transportation fuels because 
of its strong Brønsted acid sites [49]. The enhanced strong Brønsted acid sites can make 
eﬀects on catalytic performance and products distribution. 
The above zeolite samples are used as supports to prepare cobalt loaded catalysts. 
The TEM images and particle size distribution of the Co loaded Y-P and hierarchical 
zeolite are shown in Fig. 3.7. A small number of mesopores are introduced into the 
pristine zeolite by acid leaching (Y-A) or base leaching (Y-B). The average diameter of 
Co3O4 on the Co/Y-P, Co/Y-A, Co/Y-B and Co/Y-ABx catalysts is measured by TEM 
observation. The size of Co3O4 particles is distributed in the range of 4-19 nm. In 
addition, a broad particle size distribution is observed with Co/Y-B catalyst. With 
increasing the NaOH leaching time from 0.25 to 6 h on Y-A for the preparation of 
hierarchical zeolite Y samples (Y-ABx), the mesoporous channels increase significantly, 
which is an important effect on the promoting diffusion behavior of reactants and 
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products in catalytic process. By sequential dealumination by citric acid and desilication 
by NaOH solution for 4 h on Y-P, mesoporous zeolite supported Co catalyst 
(Co/Y-AB4), shows a smallest Co3O4 average particle size with 10.7 nm, smaller than 
that of other catalysts. However, when the NaOH leaching time is increased to 6 h, the 
zeolite grains collapse slightly, which is in good agreement with the previous report 
[50]. 
The reduction behaviors of the calcined Co/Y-P, Co/Y-A, Co/Y-B and hierarchical 
zeolite Y supported Co catalysts (Co/Y-ABx) are studied using H2-TPR, as shown in Fig. 
3.8. The H2-TPR profiles for all catalysts exhibit two major reduction peaks with the 
temperature in 250-310 
o
C and 310-500 
o
C, respectively. The first reduction peak is 
ascribed to the reduction of Co3O4 to CoO. The second reduction peak belongs to the 
reduction of CoO to Co
0
 [51, 52]. It can be found that the reduction step from Co3O4 to 
CoO happens quickly, giving a sharp low-temperature peak, while the reduction step 
from CoO to Co
0
 proceeds slowly to form a broad profile [53]. Moreover, different from 
other samples, the Co/Y-B catalyst exhibits a considerably broad reduction peak above 
310 
o
C, possibly due to its wide Co particle size distribution ranging from 4 to 18 nm 
(see Fig. 3.7).  
In FTS reaction on these zeolite supported cobalt catalysts, the syngas diffuses in 
catalysts and reacts initially on the cobalt active sites to form primary FTS products. 
The formed heavy hydrocarbons escape from catalyst slowly and have more chance to 
contact the acid sites of zeolite supports, whereby to be converted into light isoparaffin 
through hydrocracking and isomerization reactions. As well known, the hierarchical 
structure of the catalyst has important effect on the diffusion behaviors of the reactants 
and products in catalytic process, which certainly affects the FTS catalysts activity and 
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products selectivity [54]. The FTS reaction performed on the cobalt loaded Y-P, Y-A, 
Y-B and the hierarchical Y-ABx zeolite catalysts are presented in Table 3.3. The 
hierarchical structure of zeolite Y with different acid type, strength and amount, and 
their supported Co catalysts have important effect on the diffusion behaviors of the 
reactants and products in catalytic process, which certainly affect the FTS activity and 
products selectivity. On zeolite loaded cobalt catalyst, as bifunctional catalyst system, 
the primary linear hydrocarbons formed on the FT active metal may undergo several 
secondary reactions (e.g., the isomerization of the linear hydrocarbons, the 
hydrocracking of heavier hydrocarbons, and the oligomerizations of the light olefin) on 
the acid sites. CO conversion obtained on the Co/Y-P catalyst is 50.2 %, being 
accompanied by the formation of some middle isoparaffin. The Co/Y-A and Co/Y-B 
catalysts treated either acid leaching or base leaching zeolite as supports give CO 
conversion of 66.2 % (Co/Y-A) and 69.7 % (Co/Y-B), respectively, higher than that of 
Co/Y-P catalyst. Meanwhile, the isoparaffin selectivity on these two catalysts also 
enhance clearly in comparison with that of Co/Y-P. The improved catalyst activity 
together with isoparaffin selectivity, here, can be attributed to the well-performed 
secondary reactions, including hydrocracking and isomerization of the primary FTS 
products, over mesoporous zeolite supports [55]. The FTS reaction first happens on the 
Co particles on zeolite supports. And then the formed heavy hydrocarbons diffuse to the 
acid sites of zeolite supports where they are hydrocracked and isomerized to form light 
middle isoparaffin. Moreover, the selectivity of unwanted CH4 on Co/Y-A and Co/Y-B 
catalyst is only 10.8 % and 11.9 %, respectively, which is considerably lower than of 
Co/Y-P with 21.9 %. This result can be explained by the known relationship between 
FTS and catalyst support. The Co/Y-P with more microporous cavities, favors the 
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formation of CH4 in FTS reaction. And reversely, the mesoporous pores of Y-A and Y-B 
can depress CH4 selectivity [56]. Wang et al. concluded that the weaker Lewis acid sites 
of HZSM-5 were beneficial to the selective production of C5-11 hydrocarbons during the 
hydrocracking of primary FTS products [26]. However, different from reported 
HZSM-5, zeolite Y as an efficient hydroracking and isomerization catalyst is attributed 
to the presence of strong Brønsted acid sites in the zeolite [57]. According to Table 3.2, 
the strong B/L ratio of Y-A is 3.33. It supported Co catalyst (Co/Y-A) exhibits a higher 
isoparaffin selectivity of 50.9 % higher than that of Y-P. The Y-B gives the highest 
strong B/L ratio, but it shows a lower isoparaffin selectivity than Y-A. The result is 
possibly due to occur the overcracking of primary FTS hydrocarbons on the surface of 
Y-B with strong Brønsted acid sites.  
The CO conversion and hydrocarbons selectivity of FTS reaction performed on the 
cobalt loaded hierarchical zeolite Y-ABx catalysts are also compared in Table 3.3. The 
CO conversion on the Co/Y-ABx catalysts increases gradually with the increase of base 
leaching time from 0.25 to 4 h, but the methane selectivity decreases slightly, indicating 
that more mesopores of zeolite supports facilitate the diffusion of syngas and products, 
simultaneously suppressing the formation of methane. The CO2 selectivity obtained by 
these Co/Y-ABx series catalysts is stable, indicating a very low water-gas shift reaction 
activity under the reaction conditions. However, for Co/Y-AB6 catalyst prepared by 
longer base leaching time of 6 h, CO conversion decreases suddenly, which is attributed 
to the partial collapse of zeolite structure during excessive base leaching time, leading 
lower crystallinity (48.3 %). The results indicate that a volcano-like trend of CO 
conversion and product distribution is obtained for the hierarchical zeolite supported Co 
catalysts system.  
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Hierarchical zeolite Y with different pore structure, as catalyst supports, can lead to 
the varied Co-based FTS catalyst, ultimately tuning the FTS products distribution as we 
desire. To our studied samples as given in Table 3.3, it is clear that the light 
hydrocarbons of C2-4 on the Co/Y-ABx series catalysts are lower than those of Co/Y-P, 
Co/Y-A and Co/Y-B catalysts. Strengthening the hierarchical structure of the zeolite 
with the combined acid and based leaching method (see Fig. 3.4) possibly weakens the 
effect of the zeolite Y micropores, finally suppressing the formation of light 
hydrocarbons in FTS reaction. On the other hand, due to the increase of mesopores on 
the zeolite supports, the selectivity of C5-11 and C12+ obtained on Co/Y-ABx catalysts 
increases clearly compared with that of Co/Y-P. These results suggest that the increased 
pore size of mesoporous zeolite Y support leads to the formation of hydrocarbons 
toward those with higher carbon number, being in agreement with Khodakov's report 
[58].  
In FTS reaction, zeolite Y acts not only as a support but also an excellent 
hydrocracking and isomerization catalyst owing to its acid sites, special pores, cavities 
and regular channels. Reaction results in Table 3.3 show that isoparaffin can be directly 
synthesized via FTS reaction using the Co/Y-A, Co/Y-B and Co/Y-ABx catalysts. The 
isoparaffin selectivity enhances obviously with increasing the base leaching time on 
acid treated zeolite support (Y-ABx). The Co/Y-AB4 exhibits the highest isoparaffin 
selectivity of 52.3 % among the tested catalysts because of high strong B/L ratio (3.14) 
and hierarchical structure as well. As compared with Y-AB4, both Y-A and Y-B have a 
higher strong B/L ratio, but the surface and volume of mesopores are lower than that of 
Y-AB4. The results indicate that the strong B/L ratio and textural property are effective 
for improved FTS activity and isoparaffin selectivity. The product distribution of FTS 
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reaction over Co/Y-P, Co/Y-A, Co/Y-B and Co/Y-ABx series catalysts is presented in 
Fig. 3.9. Generally, FTS products are normal aliphatic hydrocarbons with few olefin and 
isoparaffin. However, using the Co/Y-ABx catalysts with varied hierarchical zeolite Y 
as the supports, the product selectivity, especially isoparaffin selectivity, can be facilely 
tuned with the restrained formation of light hydrocarbons of C1-4 simultaneously. 
 
3.4 Conclusions 
Hierarchical zeolite Y with intra-crystalline mesopores was obtained facilely by a 
sequential acid and base leaching method. By increasing the base leaching time from 
0.25 to 6 h on the acid-leached Y-A zeolite, the obtained Y-ABx (x = 0.25, 1, 4 and 6) 
samples exhibited high mesopore surface area and volume as compared with the pristine 
zeolite Y. With the obtained hierarchical zeolite Y as supports, we prepared a series of 
cobalt loaded catalysts for FTS reaction to investigate the effect of supports hierarchical 
structure on tuning FTS products distribution. The CO conversion and C5+ selectivity of 
the hierarchical zeolite Y supported Co catalysts were much higher than that of 
untreated zeolite support cobalt catalyst (Co/Y-P). Especially on Co/Y-AB4 catalyst, 
due to the optimized hydrocracking and isomerization function afforded by the 
hierarchical zeolite structure and high B/L ratio, isoparaffin with the highest selectivity 
of 52.3 % became the main FTS products instead of the general FTS products of normal 
paraffin. Facilely tuning the FTS product distribution, especially the content of 
isoparaffin, could be realized using the hierarchical zeolite Y supported cobalt as 
catalysts. The presented hierarchical zeolite Y preparation method and its application for 
tuning the FTS product distribution reported here will further inspire the development 
of zeolite-based catalyst for FTS reaction to synthesize directly the desired 
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hydrocarbons more efficiently. 
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Table 3.1 Summary of the textural properties of different samples 
Sample 
S(m
2
/g)
a
  V(cm
3
/g) Si/Al 
ratio
g
 
%Cryst
h
 
Total Micro
b
 Meso
c
  Total
d
 Micro
e
 Meso
f
 
Y-P 589 528 61  0.38 0.28 0.10 3.04 100.0 
Y-A 628 557 71  0.45 0.31 0.15 4.92 75.9  
Y-B 643 564 79  0.43 0.30 0.13 2.84 82.8  
Y-AB0.25 638 563 75  0.46 0.28 0.18 4.72 65.5  
Y-AB1 619 541 78  0.48 0.28 0.20 4.69 63.4  
Y-AB4 615 530 85  0.52 0.28 0.24 4.32 58.1 
Y-AB6 607 509 98  0.57 0.28 0.29 4.05 48.3  
a
 BET surface area.  
b
 Microporous surface area evaluated by the t-plot method. 
c
 Mesoporous surface area evaluated by the t-plot method. 
d
 Total pore volume calculated by single point method at P/P0 = 0.99. 
e
 Micropore volume evaluated by the t -plot method. 
f
 Mesopore volume calculated as VMeso = VTotal – VMicro. 
g
 Si/Al mole ration determined by EDX analysis. 
h
 The relative crystallinity value (%Cryst) calculated by XRD. 
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Table 3.2 Brønsted acid sites and Lewis acid sites of samples by IR spectra of absorbed 
pyridine
 
Sample 
Brønsted acid sites 
 / (μmol/g) 
 Lewis acid sites 
/ (μmol/g) 
 B/L
a
 
150 350 150 350 Strong Total 
Y-P 389.4 276.3  161.7 132.4  2.09 2.41 
Y-A 282.3 205.0  107.8 61.6  3.33 2.62 
Y-B 189.3 86.3  176.3 9.6  8.96 1.07 
Y-AB0.25 89.0 8.5  166.4 4.8  1.77 0.53 
Y-AB1 55.9 9.6  168.1 6.6  1.46 0.33 
Y-AB4 62.2 18.2  195.9 5.8  3.14 0.32 
Y-AB6 68.8 20.3  221.0 7.3  2.78 0.31 
a 
The number of acid sites is a relative value of Brønsted acid sites to Lewis acid sites, 
estimated by the corresponding calibrated peak area. 
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Table 3.3 Catalytic performance of the pristine and hierarchical zeolite Y supported 
cobalt catalysts
a 
Catalyst 
Conv./% Sel./% 
CO CO2 CH4 C2-4 C5-11 C12+ Cn C= Ciso Ciso/Cn
b
 
Co/Y-P 50.2 1.1 21.9 13.6 59.2 5.3 51.7 18.6 29.8 1.40 
Co/Y-A 66.2 1.5 10.8 13.9 69.4 3.4 41.9 7.3 50.9 1.97 
Co/Y-B 69.7 2.9 11.9 13.6 65.2 9.3 46.4 10.1 43.5 1.47 
Co/Y-AB0.25 66.3 1.9 14.7 10.7 67.6 7.0 46.0 18.1 35.9 1.46 
Co/Y-AB1 75.7 3.5 11.4 10.2 67.0 11.4 39.1 18.2 42.6 1.89 
Co/Y-AB4 75.9 1.8 8.4 7.7 71.8 12.1 29.5 18.3 52.3 3.06 
Co/Y-AB6 66.5 2.0 14.5 12.8 65.0 7.7 46.2 13.9 39.9 1.58 
a 
Reaction conditions: Catalyst, 0.5 g; Temperature, 260 
o
C; Pressure, 1.0 MPa; H2/CO, 
2; WCatalyst/FSyngas, 10 g‧h/mol. 
b 
Ciso/Cn is the ratio of isoparaffin to paraffin of C4+. 
 
 
 
 
 
 
 
 
 
 89 
 
Figure caption 
Fig. 3.1. Schematic depiction of the hierarchical zeolite Y preparation procedure. 
Fig. 3.2. XRD patterns of Y-P and hierarchical zeolite samples. 
Fig. 3.3. N2 sorption isotherms of varied zeolite samples. 
Fig. 3.4. Pore size distribution of the pristine zeolite (a) Y-P, single acid or base leaching 
(b)Y-A and (c) Y-B, and hierarchical zeolite (d) Y-AB0.25, (e) Y-AB1, (f) Y-AB4, (g) 
Y-AB6 (microporous region determined by HK method and mesoporous region 
determined by BJH method). 
Fig. 3.5. NH3-TPD curves of the prepared samples. 
Fig. 3.6. Py-IR absorbance profiles for the different samples A) 150 
o
C and B) 350 
o
C: 
(1) Y-P, (2) Y-A, (3) Y-B, (4) Y-AB0.25, (5) Y-AB1, (6) Y-AB4, (7) Y-AB6. 
Fig. 3.7. TEM images and particle size distribution of the different catalysts. 
Fig. 3.8. H2-TPR curves of the prepared catalysts.  
Fig. 3.9. Product distribution of FTS reaction perfomance on the Co/Y-P, Co/Y-A, 
Co/Y-B and Co/Y-ABx catalysts. 
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Fig. 3.1. Schematic depiction of the hierarchical zeolite Y preparation procedure. 
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Fig. 3.2. XRD patterns of Y-P and hierarchical zeolite samples. 
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Fig. 3.3. N2 sorption isotherms of varied zeolite samples. 
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Fig. 3.4. Pore size distribution of the pristine zeolite (a) Y-P, single acid or base leaching 
(b)Y-A and (c) Y-B, and hierarchical zeolite (d) Y-AB0.25, (e) Y-AB1, (f) Y-AB4, 
(g) Y-AB6 (microporous region determined by HK method and mesoporous 
region determined by BJH method). 
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Fig. 3.5. NH3-TPD curves of the prepared samples. 
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Fig. 3.6. Py-IR absorbance profiles for the different samples A) 150 
o
C and B) 350 
o
C: 
(1) Y-P, (2) Y-A, (3) Y-B, (4) Y-AB0.25, (5) Y-AB1, (6) Y-AB4, (7) Y-AB6. 
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Fig. 3.7. TEM images and particle size distribution of the different catalysts. 
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Fig. 3.8. H2-TPR curves of the prepared catalysts.  
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Fig. 3.9. Product distribution of FTS reaction perfomance on the Co/Y-P, Co/Y-A, 
Co/Y-B and Co/Y-ABx catalysts. 
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Chapter 4 Summary  
A Co-based FTS catalyst with ZrO2-SiO2 as bimodal support was prepared. The 
obtained 10 wt.% Co/ZrO2-SiO2 bimodal catalyst was successfully applied for jet fuel 
direct synthesis via FTS reaction with varied 1-olefins as additives, as shown in 
Chapter 1. In comparison with the traditional FTS reaction without any additives, the 
introduction of co-fed 1-olefins in FTS reaction could effectively shift the products 
distribution towards jet fuel range, finally leading to the formation of new FTS 
hydrocarbons distribution against the conventional ASF law. Furthermore, the 
formation of CH4 and CO2 as well as light hydrocarbons (C2-C4) had also been 
suppressed markedly. In addition to the pure 1-octene, 1-decene and 1-tetradecene as 
the co-fed additives of FTS reaction, other mixed 1-olefins, as 1-octene & 1-decene 
and 1-decene & 1-tetradecene, had also been investigated. The FTS reactions with 
mixed 1-olefins as additives showed average products distribution between those 
obtained with two pure 1-olefins separately for FTS, and the mixed 1-decene & 
1-tetradecene as co-fed additives exhibited the highest C8-C16 selectivity of 83.3%.  
Design and development of catalyst formulations that maximize the direct 
production of liquid fuels via transformation syngas by combining conventional 
Fischer-Tropsch synthesis (FTS), hydrocarbon cracking, and isomerization into one 
single catalyst particle have been investigated in this thesis, as shown in Chapter 2 
and Chapter 3. 
The depletion of crude oil and the rapid growing demand of liquid fuels have 
attracted more interest for the synthesis of alternative fuels from the rich-reserved coal, 
natural gas and renewable biomass via FTS reaction. Generally, the FTS reaction 
mainly produces normal paraffin and some building-block chemicals such as lower 
olefin, which can hardly be directly used as the transportation fuels, especially for the 
extensively demanded gasoline (Chapter 2 and Chapter 3). For conventional catalyst, 
it is acknowledged that the FTS products obey the Anderson-Schulz-Flory (ASF) law. 
Middle hydrocarbons, with a range of C5-11, particularly rich in isoparaffin and olefin, 
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as gasoline-range liquid fuels with high octane value, are important fuel from 
petrochemical industry 
Bifunctional catalysts with the combination of the conventional FTS catalyst and 
acidic zeolite, were studied widely for direct synthesis of middle isoparaffin (Chapter 
2 and Chapter 3). In this thesis, two kinds of bifunctional catalysts are studied for 
direct synthesis of middle isoparaffin: hierarchical zeolite supported metal catalyst 
(Chapter 3), and the capsule or coating catalyst with the conventional FTS catalyst 
core and zeolite shell (Chapter 2). Capsule catalyst is more effective for isoparaffin 
synthesis because of the spatial confinement effect and unique pore structure of the 
zeolite shell, which could enforce effectively the hydrocracking/isomerization of long 
chain hydrocarbons. Cobalt based capsule catalysts have been studied extensively for 
the direct isoparaffin synthesis (Chapter 2). Fe based catalysts have much lower cost 
and methane selectivity than Co based catalysts, which are proper candidates for the 
capsule catalyst (Chapter 2). In Chapter 3, the hierarchically bifunctional catalyst 
was also successfully synthesized and evaluated for direct synthesis of middle 
isoparaffin as gasoline with high octane value via FTS reaction to realize a sharp 
anti-ASF law product distribution.  
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